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ABSTRACT
We measure the fraction of galaxy-galaxy mergers in two clusters at z ∼ 2 using imaging and
grism observations from the Hubble Space Telescope. The two galaxy cluster candidates were originally
identified as overdensities of objects using deep mid-infrared imaging and observations from the Spitzer
Space Telescope, and were subsequently followed up with HST/WFC3 imaging and grism observations.
We identify galaxy-galaxy merger candidates using high resolution imaging with the WFC3 in the
F105W, F125W, and F160W bands. Coarse redshifts for the same objects are obtained with grism
observations in G102 for the z ∼ 1.6 cluster (IRC0222A) and G141 for the z ∼ 2 cluster (IRC0222B).
Using visual classifications as well as a variety of selection techniques, we measure merger fractions of
11+8.2−3.2 in IRC0222A and 18
+7.8
−4.5 in IRC0222B. In comparison, we measure a merger fraction of 5.0
+1.1
−0.8%
for field galaxies at z ∼ 2. Our study indicates that the galaxy-galaxy merger fraction in clusters at
z ∼ 2 is enhanced compared the field population, but note that more cluster measurements at this
epoch are needed to confirm our findings.
1. INTRODUCTION
Our current model of galaxy formation is based on
hierarchical merging where numerous small structures
merge to form progressively larger systems (Peebles
1970). Observational evidence of major and minor merg-
ing at all epochs (Conselice et al. 2009; Lotz et al. 2008;
Bundy et al. 2009; de Ravel et al. 2009; Lopez-Sanjuan
et al. 2009; Williams et al. 2011; Ryan, Jr. et al. 2008;
Man et al. 2012, 2016) confirms the importance of merg-
ing throughout cosmic time, especially at earlier epochs
(Kauffmann 1996; Baugh et al. 1996). In this picture
of hierarchical formation, massive galaxies that domi-
nate clusters also should continue to grow through accre-
tion of satellite galaxies. However, whether the galaxy
merger fraction in clusters is enhanced or diminished
relative to the field remains debated (Lotz et al. 2013;
Delahaye et al. 2017; Tran et al. 2005, 2008; van Dokkum
et al. 1999; McIntosh et al. 2008)
Galaxy clusters in the local Universe contain hundreds
to thousands of galaxies (Zwicky 1957; Omer Jr. et al.
1965), however mergers in local clusters are rare. Thus
the ideal epoch for determining whether galaxy-galaxy
merging is enhanced relative to the field is to study clus-
ters early in their formation at z > 1 when the clusters
are dynamically young and the relative velocities are
comparable to the galaxies’ internal velocities. We can
then determine how galaxies interact with each other
and their environment, and how these interactions af-
fect their physical properties including star formation
rates, sizes, and morphologies (Brodwin et al. 2013; Pa-
povich et al. 2012; Tran et al. 2010; Lotz et al. 2013;
Delahaye et al. 2017). However, identifying clusters at
z > 1 is challenging given increasing contamination by
field galaxies along the line of sight and the rarity of
clusters with increasing redshift.
N-body and hydrodynamical simulations of galaxy
mergers predict an increase in the merger rate of field
galaxies as a function of increasing redshift (Rodriguez-
Gomez et al. 2015; Fakhouri & Ma 2008). However, re-
cent observational surveys find that the galaxy merger
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fraction appears constant, or even decreases, at z & 1
(Williams et al. 2011; Ryan, Jr. et al. 2008; Man et al.
2012, 2016). Whether the merger fraction in galaxy
clusters also increases with redshift is unclear (Delahaye
et al. 2017; Lotz et al. 2013; Lidman et al. 2013). Studies
find evidence of mass growth through merging of red, lu-
minous galaxies in groups and clusters up to z ∼ 1 (Tran
et al. 2005; van Dokkum et al. 1999; McIntosh et al.
2008), but measurements of the galaxy merger fraction
in clusters at z > 1 is limited.
Studies that have investigated the merger rate within
cluster environments in comparison to a field population
often present findings that are in disagreement with each
other. Lotz et al. (2013) and Coogan et al. (2018) found
merger rates ∼ 3−10 times higher than the field within a
z = 1.62 protocluster and z = 1.99 cluster, respectively
and Hine et al. (2016) found a 60% enhancement of the
merger rate in a z = 3.1 proto-cluster compared to the
field. However, Delahaye et al. (2017) sees no evidence
of an increased merger fraction in comparison to the field
for four clusters at 1.59 < z < 1.71.
Note each study uses different methods for identify-
ing galaxy mergers that include close pair, morphologi-
cal, flux ratio, or stellar mass ratio selection. There are
also differences in the use of either photometric (Lopez-
Sanjuan et al. 2009; Man et al. 2012, 2016; Conselice
et al. 2009; Williams et al. 2011) or spectroscopic red-
shifts (Tran et al. 2008; de Ravel et al. 2009), or some ei-
ther/or combination (Lotz et al. 2008, 2013; Bundy et al.
2009; Delahaye et al. 2017) in the selection of galaxy
mergers. The differences in the selection of merger can-
didates throughout the various studies makes it difficult
to perform direct comparisons of merger rates. To com-
pensate for this, we perform a broad analysis, selecting
merger candidates using a variety of selection methods,
allowing better comparison to the merger fractions mea-
sured in these previous studies.
In this paper we combine high-resolution near-infrared
HST imaging with grism spectroscopy to measure the
galaxy-galaxy merger fraction in two candidate galaxy
clusters at z ∼ 2 and investigate whether the merger
rate is enhanced or diminished relative to the field pop-
ulation. In §2 we summarize our imaging and grism
observations for our two clusters and field sample. §3
describes our analysis and the selection of merger can-
didates. §4 discusses our results and how we compare
to previous studies. We assume a flat ΛCDM cosmology
with ΩM = 0.3, ΩΛ = 0.7, and H0 = 70km s
−1 Mpc−1.
2. NEWFIRM CLUSTER SURVEY (NCS)
2.1. XMM-LSS field : 1.6 µm bump
The NEWFIRM Cluster Survey (NCS) targeted a
28×28′ portion of the XMM Large Scale Structure Sur-
vey (XMM-LSS) field using data from the Spitzer Wide-
Area Infrared Extragalactic survey (SWIRE: Lonsdale
et al. 2003) (see Fig. 1). Galaxy cluster candidates
at z > 1.3 initially identified from the entire SWIRE
field as overdensities of galaxies with red colors be-
tween 3.6µm and 4.5µm, indicating the peak in their
star formation at 1.6µm, were subsequently targeted for
follow up NEWFIRM imaging. As discussed by Pa-
povich (2008) roughly & 90% of galaxies at z > 1.3
have Spitzer/IRAC ([3.6] − [4.5]) > −0.1 mag making
this an effective criterion for selecting candidate galaxy
structures at high redshift. In the initial search for over-
densities using the SWIRE data, candidate galaxy clus-
ters at z > 1.3 were selected as overdensities with & 30
objects with Spitzer/IRAC colors ([3.6] − [4.5]) > −0.1
mag within radii of 1.4’ (Papovich 2008; Papovich et al.
2010).
Preliminary galaxy density maps were made by count-
ing the number of objects with ([3.6]−[4.5]) > −0.1 mag
and r < 22.5 mag within apertures of 1.4′ radii (roughly
0.7 proper Mpc at z = 1.5) across the full SWIRE
field. This process successfully preselected a massive
(> 1014 M) z = 1.62 galaxy cluster which was later
confirmed spectroscopically and found to coincide with
a faint, diffuse X-ray source likely originating from a hot
intra-cluster medium (Papovich et al. 2010; Tanaka et al.
2010). Within these density maps we isolated a 30×30′
subregion hosting 10 candidate overdensities at/above
the significance of the aforementioned confirmed galaxy
cluster (> 3σ) (see Fig. 1). The 10 candidate over-
densities were subsequently targeted for follow-up with
NEWFIRM.
The two galaxy associations studied in this work
(IRC0222A and IRC0222B) were initially identified
as candidate high-redshift overdensities in the SWIRE
XMM-LSS field. In October 2010 we targeted this
subregion for near-infrared photometric observations
with the NOAO Extremely Wide-Field Infrared Imager
(NEWFIRM1). Tables 1 and 2 provide a summary of
the NEWFIRM observations and photometry. Ground-
based optical imaging in the ugriz filters for this field
are drawn from the CFHT Legacy Survey (CFHTLS2).
2.2. Near-Infrared Imaging with CTIO/NEWFIRM
As described above, the IRC0222A/B candidate clus-
ters are initially identified as overdensities via the 1.6µm
bump technique. To further refine our cluster selec-
1 https://www.noao.edu/ets/newfirm/
2 http://www.cfht.hawaii.edu/Science/CFHTLS/
3Figure 1. Surface density of galaxies at 1.3 < z < 2.0 in a 3◦ × 2◦ portion of the XMM-LSS SWIRE field using Spitzer/IRAC.
The scale indicates the number of standard deviations (σ) above the mean field surface density. The area targeted by the
NEWFIRM Cluster Survey, which houses the largest overdensity (> 10σ) in the XMM-LSS SWIRE field, is indicated. The
NEWFIRM field includes ∼ 10 cluster candidates with significance equal to the z = 1.62 UDS cluster.
tion, we obtain near-infrared imaging with NEWFIRM.
NEWFIRM has a custom set of 5 medium-bandwidth
near-IR filters that provide higher spectral resolution
which have been shown to improve the accuracy of pho-
tometric redshifts at z > 1 (van Dokkum et al. 2009;
Whitaker et al. 2011; Bezanson et al. 2016; Straat-
man et al. 2016). The NIR filters span λ=1.0-1.8µm
and pinpoint the location of the 4000 A˚ break. With
NEWFIRM imaging, we are able to measure photo-
metric redshifts with accuracies ∆z/(1 + z) ' 0.02 for
1.3 < z < 2.0.
Furthermore, with a 28×28′ field of view NEWFIRM
is able to observe the full subregion with a single point-
ing (see Fig. 1). This field was observed for 5.9, 6.3,
and 8.5 hours in each of the medium-band J1, J2, and
J3 filters, 3.0 hours in the broadband H filter, and 1.9
hours in the Ks filter. All NEWFIRM imaging data
were reduced using the nfextern software package, a
suite of standard data reduction tasks tailored specif-
ically for the NEWFIRM observations and written in
IRAF3. A guidebook for using nfextern can be found at
the website for NEWFIRM4.
Combining these new near-IR images with the exist-
ing optical imaging from CFHTLS we follow similar
procedures as used in recent extragalactic photomet-
ric surveys (e.g., Whitaker et al. 2011; Skelton et al.
2014; Straatman et al. 2016). Photometry is measured
on PSF-matched images in fixed circular apertures of
d = 3′′ for objects detected in the NEWFIRM Ks image.
We next use the SED-fitting software Easy and Accu-
rate Redshifts from Yale (EAZY: Brammer et al. 2008) in
order to estimate photometric redshifts for all objects.
Using the NEWFIRM photometric redshifts, we
generated new galaxy density maps in each narrow
(∆z=0.1) redshift slice between 1 < z < 2.5 with an
overlap of dz=0.05. We determine galaxy overdensities
by counting galaxies in circles with r = 1.4′ across the
full field of view. The near IR imaging confirms two
3 Image Reduction and Analysis Facility: http://iraf.noao.edu/
4 https://www.noao.edu/ets/newfirm/
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Table 1. NEWFIRM Observations
Observation Date Filtera Exposure Time [hr]
2010-10-15 J1 1.0
2010-10-15 J2 1.0
2010-10-15 J3 2.4
2010-10-15 H 0.8
2010-10-16 J1 1.1
2010-10-16 J2 1.3
2010-10-16 J3 1.0
2010-10-16 Ks 0.9
2010-10-17 J1 1.5
2010-10-17 J2 1.0
2010-10-17 J3 1.2
2010-10-17 H 1.2
2010-10-18 J1 1.0
2010-10-18 J2 1.3
2010-10-18 J3 1.2
2010-10-18 H 1.0
2010-10-18 Ks 0.7
2010-10-19 J1 1.3
2010-10-19 J2 1.7
2010-10-19 J3 2.7
2010-10-19 Ks 0.3
aName of photometric bandpass
Table 2. NEWFIRM Photometry
Filtera FWHM [arcsec] Completenessb
J1 1.31 23.3
J2 1.35 22.9
J3 1.32 22.7
H 1.26 22.1
Ks 1.33 21.8
aName of photometric bandpass.
b 80% point source limiting magnitude [AB]
overdensities at photometric z ≈ 1.6 and z ≈ 1.9, here-
after IRC0222A and IRC0222B, respectively. We obtain
further observations of these two candidate galaxy clus-
ters using the Hubble Space Telescope.
3. OBSERVATIONS & ANALYSIS
3.1. Hubble Space Telescope Observations
All near-infrared HST observations (GO proposal
12896; PI Tran) were obtained using the Wide Field
Camera-3 (WFC3) where imaging is taken in three wide
filters (F105W, F125W, and F160W). Table 3 summa-
rizes the wavelength ranges, zeropoints, and exposure
times for each WFC3 filter. We work with two fields
of view, each centered on the galaxy cluster candi-
dates: IRC0222A (2:22:03.5, -4:12:06.0) at z ∼ 1.9, and
IRC0222B (2:22:17.3, -4:21:45.0) at z ∼ 2.0, hereafter
referred to as IRC-A and IRC-B, respectively.
Our WFC3 grism observations were reduced using the
pipeline developed by the 3D-HST team (van Dokkum
et al. 2011; Brammer et al. 2012; Skelton et al. 2014;
Momcheva et al. 2016). The 3D-HST pipeline provides
low-resolution, spatially resolved spectra through the
combination of multi-wavelength imaging with the grism
spectroscopy. They also employ the use of interlacing,
rather than drizzling, which provides the highest reso-
lution imaging. Objects are identified using the multi-
wavelength reference images and every spectrum is ex-
tracted simultaneously to account for contamination be-
tween overlapping spectra.
Table 3. WFC3 Filter Information
Filter Wavelength Exposure Zeropoint
Coverage (µm) Time (sec) (AB)
F105W 1.1− 1.4 2174 26.2687
F125W 1.2− 1.6 1324 26.2303
F160W 1.4− 1.7 2624 25.9463
G102 0.8− 1.15 24071 26.2687
G141 1.075− 1.7 19847 26.4524
3.1.1. WFC3 Imaging
To analyze the WFC3 photometry, we follow the
method described in Skelton et al. (2014). We apply
a number of corrections to improve the data’s quality
and produce the final data products: masking satellite
trails, persistence correction, sky-subtraction, flat-field
re-application, initial astrometric alignment, and addi-
tional cosmic ray and bad pixel rejection.
We began with Astrodrizzle, using the default
parameters and changing the bit value to 8192,
final_wht_type=IVM, and final_pixfrac=0.8 (Skel-
ton et al. 2014), with an initial run to remove cosmic rays
and bad pixels. This allowed for improved alignment
within Tweakreg. The initial drizzling also enabled the
use of the F160W image as a reference image to improve
alignment in Tweakreg. The initial run produced “cr-
5Figure 2. Composite mosaics (F105W, F125W, F160W) for Left : IRC0222A (z ∼ 1.6); Right : IRC0222B (z ∼ 1.9); hereafter
we refer to these candidate clusters as IRC-A and IRC-B respectively. Both fields measure 146′′ × 129′′. We have included a
compass in the upper left corner to show the direction of N/E. The black circle is centered on the candidate cluster’s coordinates,
i.e. the peak of the detected overdensity (see §2.1), with a radius of 30′′, corresponding to the typical virial size of a cluster.
The colored regions indicate the locations of cluster merger candidates selected via photometric or grism redshifts (see §4.1.3)
clean” images, indicating they were then free of most of
their cosmic rays.
After the cosmic rays were removed, we used Tweakreg
to align all crclean images within a given filter to a com-
mon World Coordinate System (WCS) using the F160W
image as a reference for alignment. This means that the
F125W and F105W images were aligned according to
the coordinate information contained in the F160W
header. Once aligned, the headers of all the crclean im-
ages were updated with the new coordinate information
and we propagated the new coordinate information back
to the original flt.fits images using Tweakback.
Using the newly updated flt.fits images, we reran
Astrodrizzle to combine all the images within each
filter. For this final run, we used the same parameters
described earlier with the addition of final scale=0.03,
to set the final pixel scale at 0.03′′ pixel. The result-
ing mosaics for the F105W, F125W, and F160W filters
comprised an area of 4864× 4308 pixels or 146′′× 129′′.
Figure 2 shows the combined mosaics with the center of
the cluster indicated by the black circle. The smaller,
colored circles indicate identified merger candidates and
are described in §3.3.
3.1.2. Photometry
For both cluster fields we use the HST/WFC3 F160W
image for source detection. All ground-based optical
and near-infrared images (u-Ks bands) are resampled to
the pixel scale of HST imaging (0.03′′/pixel). We uti-
lize the SCAMP software (Bertin 2006) to correct for
small astrometric distortions, such as offsets and rota-
tions, among the final mosaics.
We generate point spread functions (PSFs) for each
image by stacking a selection of point sources in each
image. These PSFs are used to construct convolution
kernels (using scikit-image in Python: van der Walt
et al. (2014)) in order to smooth all optical-NIR im-
ages to the largest PSF. Once images have been PSF-
matched, photometry is extracted in fixed circular aper-
tures (r = 1.7′′) by running Source Extractor (Bertin
& Arnouts 1996) in dual-image mode using the F160W
image for source detection. Figure 3 shows the accuracy
of our PSF matching process.
Due to the significantly larger PSFs of Spitzer/IRAC
images (∼ 2′′) we use the T-PHOT software (Merlin et al.
2015) to measure photometry. T-PHOT is designed to
extract photometry from images that suffer from sig-
nificant blending by making use of a higher-resolution
image as a prior. Positions and morphologies of objects
from the high-resolution image (in our case the F160W
image) are taken from a segmentation map produced by
SExtractor. Then, a low-resolution model of each ob-
ject is created using a user-provided convolution kernel.
These models are then fit to the low-resolution IRAC
image in a simultaneous fashion, allowing the profiles of
neighboring objects to overlap. Once a global solution
is found T-PHOT reports the best-fit total flux for each
object.
From these flux measurements we were able to ob-
tain photometric redshifts and rest-frame colors using
EAZY (Brammer et al. 2008). Stellar population prop-
erties (e.g. stellar masses) were estimated using the
Fitting and Assessment of Synthetic Templates Soft-
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Figure 3. Both panels plot the growth curve of each NEW-
FIRM image divided by the growth curve of the ”target” PSF
(i.e. the image with the largest FWHM) as a function of ra-
dius. The top panel shows these curves before PSF matching
and the bottom shows it after matching. The dashed vertical
line shows the size of the ”target” PSF (half-width-half-max:
HWHM) and the solid vertical line shows the aperture radius
used for the photometric catalog.
ware(FAST:Kriek et al. (2009)). For this portion of
the analysis we adopt Bruzual & Charlot (2003) tem-
plate library assuming a Chabrier (2003) stellar initial
mass function, constant solar metallicity, delayed expo-
nential star-formation histories (SFR ∝ t × e−t/τ ), and
a Calzetti et al. (2000) dust extinction curve.
3.2. Grism Observations
We use the 3D-HST pipeline (van Dokkum et al. 2011;
Brammer et al. 2012; Skelton et al. 2014; Momcheva
et al. 2016) to reduce the grism observations for both
cluster fields. For information on the reduction process,
we refer the reader to Momcheva et al. (2016). The
observations were taken with G102 and G141 grisms on
the WFC3 camera. Grisms are placed in the path of
the incoming light to obtain spectra of all objects in the
field of view simultaneously.
For galaxy cluster candidate IRC-A at z ∼ 1.6, we
use the G102 grism in combination with the F105W
filter for direct imaging. The G102 grism covers a
wavelength range of 800–1150nm with a dispersion of
2.45nm/pixel. For IRC-B at z ∼ 2, we use the G141
grism and F140W filter. The G141 grism covers a range
of 1075–1700nm, with a dispersion of 4.65nm/pixel. The
wavelength ranges of both grisms enable us to see emis-
sions of Hα, Hβ, [OIII], and [OII], elements essential in
the galaxy formation process. Figure 4 shows the full in-
terlaced grism images for both cluster candidates, each
measuring 2488×2092 pixels, or 149′′×125′′ (0.06′′/pixel
scale).
3.2.1. WFC3 G141 & G102 Redshifts
Redshifts are measured by fitting Spectral Energy Dis-
tributions (SEDs) to the grism spectroscopy (see Bram-
mer et al. 2012; Momcheva et al. 2016) and identifying
spectral features including stellar continuum and emis-
sion lines. The grism spectra are matched to objects de-
tected in the direct imaging. To determine the quality
of the fits, we began with visual inspection of each grism
image. Grism imaging and spectroscopy for all candi-
date cluster members is shown in Figures B1-B2 in the
Appendix. Our primary concern is determining whether
the redshift identification is clearly affected by any error
in the spectrum. To quantify the accuracy of both the
data quality and the redshift reliability, we assign flags
to denote the level of robustness of the measurements.
The data quality (DQ) flags are used to note whether
the spectra were affected by known failure modes. Com-
mon failures that affect the data’s quality include: in-
complete masking of 0th-order spectra that can mimic
emission lines, residuals from the spectra of very bright
stars that may not be subtracted properly, and instances
where corrupted photometric measurements lead to er-
rors in the spectral fit. Objects are assigned a DQ value
of either “1” or “0” corresponding to “good” or “bad”,
respectively. In all the figures, tables, and calculations
presented here, we use only DQ flag values of 1, unless
otherwise noted.
Redshift quality (Qz) flags are assigned as values of
“-1” to “3” to indicate reliability of the grism measure-
ment. Qz flags are assigned based on visual inspections
of the 1D and 2D spectra, comparison to the model data,
and comparison to the photometric redshift data. Ob-
jects flagged with a redshift quality (Qz) of “3” indicate
a robust grism measurement, while those with Qz of “2”
are less robust, but still reasonably reliable. Qz flag val-
ues of “1” or “0” specify the lowest reliabilities and a
value of “−1” indicates an object is a star.
All of the visual inspections and flag assignments de-
scribed above were completed by CW, KT, LA, and IS.
3.3. GMOS
Observations of the NCS fields were taken on GMOS-
South in November 2012. The data were processed using
7Figure 4. The full interlaced grism image for Left : IRC-A (1.0 < z < 1.9); Right : IRC-B (1.6 < z < 2.4). Both fields measure
149′′ × 125′′ . The hatched region in IRC-B indicates the region that was masked out in order to reduce contamination due to
the star for the selection of our merger candidates.
the Gemini IRAF data reduction pipeline for GMOS,
which included flat-fielding, wavelength calibration us-
ing arc lamps, and sky subtraction. At the time of our
observations, the GMOS-S detectors had low quantum
efficiency at λ & 7000A˚ which limited our abilities to
detect targeted lines for galaxies at z > 1.5.
In the NCS field, we measured the redshifts of 6
objects at z = 0.17, 0.32, 0.33, 0.64, and 0.80 using
Hα/[NII] and [OIII]/Hβ. Four objects at z > 1 had
single, unidentified emission lines. No z > 1 objects
displayed multiple emission lines with which we could
identify a grism redshift. Due to the non-detections
of z > 1.5 galaxies and the confirmation of several
low-redshift galaxies, we infer that the targeted clus-
ter galaxies are not at z < 1.5, i.e. they are likely to be
cluster members at z > 1.5.
3.4. Field Sample
Our field population is selected from the FourStar
Galaxy Evolution Survey (ZFOURGE5) (Straatman
et al. 2016) in the COSMOS (Scoville 2007) and CDFS
(Giacconi et al. 2002) fields. The ZFOURGE cov-
erage of both COSMOS and CDFS is approximately
10′ × 10′ and > 10 times larger than the cluster field
of view. ZFOURGE provides precise photometric red-
shifts (σz ∼ 2%; Nanayakkara et al. 2016) for galaxies
spanning a wide range in redshift. In this paper, we
use publicly available photometric catalogs from the
5 https://zfourge.tamu.edu
ZFOURGE survey prepared by Straatman et al. (2016).
Grism redshifts for COSMOS and CDFS come from the
available 3D-HST catalogs (van Dokkum et al. 2011;
Brammer et al. 2012; Momcheva et al. 2016).
The COSMOS field contains at least one known clus-
ter within our redshift range at z = 2.095 with 57 spec-
troscopically confirmed members (Yuan et al. 2014). To
assess the best method for removing any potential im-
pact by the cluster on the galaxy pair fraction, we first
calculated the pair fraction using the full catalog of ob-
jects, including the known cluster members. We then
implemented two methods to remove cluster members:
(1) Rejecting objects with redshifts within 3σ of the me-
dian redshift (z = 2.095), where σ = 0.00578 is the
standard deviation of redshift within confirmed cluster
members, and (2) directly removing objects flagged as
known cluster members by Yuan et al. (2014) in the
ZFIRE catalogs (Nanayakkara et al. 2016).
We calculate the median pair fraction in the COSMOS
field, including the cluster galaxies, for F160W ≤ 23
to be 10.3+1.6−1.3%. Using method (1), we see no signifi-
cant change in the pair fraction, calculated as 10.0+1.6−1.3%.
With method (2), we find 10.2+1.6−1.3%. Though exclusion
of the cluster members in the calculation of the pair frac-
tion shows no significant effect, we choose to use method
(2) to mask known members of the cluster located at
z = 2.095 in COSMOS. We use only those objects who
were not flagged as cluster members in Figures 6 - 9 and
Table 7. Explanations of how pairs were selected can be
found in §4.1 and Table 5.
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Table 4. GMOS Observations
Field Mask RA Dec Mask PA Observation Date Central Wavelength [A˚] Exposure Time [hr]
UDS Mask1 02:18:23.568 -05:10:29.05 154 2012-11-14 8550 2.67
UDS Mask2 02:18:23.568 -05:10:29.05 154 2012-11-14 8550 2.67
NCS Mask7 02:22:18.024 -04:21:34.90 249.5 2012-11-15 8550 1.33
NCS Mask6 02:22:03.105 -04:11:22.97 180 2012-11-15 8550 1.33
NCS Mask5 02:23:20.389 -04:28:48.37 120 2012-11-15 8550 1.33
UDS Mask1 02:18:23.568 -05:10:29.05 154 2012-11-16 8550 1.33
UDS Mask2 02:18:23.568 -05:10:29.05 154 2012-11-16 8550 2.67
UDS Mask4 02:18:19.892 -05:10:32.48 289 2012-11-16 8550 0.67
3.5. Matched Object Catalogs
We integrate the grism results with our photometric
catalogs using the Astropy’s match_to_catalog_sky()
routine that matches the coordinates of the objects with
grism data to the objects detected in our SExtractor cat-
alogs. We then generated a line-matched catalog con-
taining the object’s ID, grism ID, grism redshift, DQ,
and Qz flag values. Many of the objects had been previ-
ously studied in the NEWFIRM Cluster Survey (NCS),
a ground based photometric survey. These are identified
by their “NCS ID” in the grism output catalogs.
For each of the two cluster fields, we generate four line-
matched catalogs: (1) a photometric catalog containing
flux measurements from multiple different filters; (2) a
catalog output from EAZY containing the photometric
redshifts; (3) a catalog output from FAST containing the
star formation histories, masses, ages, and stellar atten-
uations; and (4) a grism catalog containing the grism
redshifts, the data quality (DQ) and redshift quality
(Qz) flags (see §3.2.1), as well as a merger flag value
(see §4.1) . Our final line matched catalogs consist of
499 objects in our IRC-A field of view and 661 objects
in the IRC-B field of view. Relevant information from
these tables for candidate cluster members are shown in
Table 8 and 9 (see §4.1.3)
3.6. Redshift Quality Control
Figure 5 shows the distribution of grism redshifts
within each field of view. All objects shown in Fig. 5
have DQ flag values of “1” and Qz flag values of “3”
(see §3.2.1). The histograms show a galaxy overdensity
in IRC-A at redshift of z ∼ 1.6 while IRC-B has galaxy
overdensities at redshifts of z ∼ 0.9 and z ∼ 2.1. We de-
fine a redshift range for each candidate galaxy cluster:
IRC-A (1.55 < z < 1.9) and IRC-B (1.8 < z < 2.2).
As part of our analysis, we use multiple methods to
identify galaxy merger candidates (see Table 5). We
consider only galaxies brighter than AB magnitude of
23.0 in F160W for both the cluster and field samples.
Because we do not have grism redshifts for all galax-
ies with F160W< 23.0 mag, we define a photometric
redshift window by anchoring to the existing grism red-
shifts. Figure 6 shows the photometric verses grism red-
shift comparison for objects in our master catalogs with
quality flag values of DQ = 1 and Qz≥ 2. Candidate
cluster members are selected based on their grism or
photometric redshifts and are indicated by filled circles
(see §4.1.3). Field galaxies in our master catalogs are
indicated by x’s.
We calculate the redshift difference as
∆z
(1 + z)
=
zphot − zgrism
1 + zgrism
(1)
We calculate the NMAD scatter (σNMAD) as:
σNMAD = median(|∆z −median(∆z)|)× 1.48 (2)
We find an NMAD scatter of σNMAD = 0.169 and
σNMAD = 0.114 for IRC-A and IRC-B, respectively.
Galaxies with photometric redshifts within ±2σNMAD
are used in one of our merger candidate selection meth-
ods described in §4.1.2.
4. RESULTS
4.1. Identifying Galaxy Merger Candidates
In our analysis, we compare results from three selec-
tion methods for identifying galaxy merger candidates.
All selection methods require F160W≤ 23.0, angular
separations . 3′′, and selection of galaxies based on
grism or photometric redshifts. Note that our magni-
tude cut for our candidate clusters is slightly brighter
than adopted in other studies (e.g. Lotz et al. (2008)
uses I814 ≤ 24.0 and Delahaye et al. (2017) uses m160 <
23.25).
The pair fractions measured for each of the methods
described below (summarized in Table 5) are presented
9Figure 5. Histograms of IRC-A (left) and IRC-B (right) showing the distribution of recorded grism redshifts within the entire
field of view (top), and zoomed in to emphasize the projected redshift range of the candidate cluster (IRC-A: [1.55-1.9] ; IRC-B:
[1.8-2.2]), indicated by the vertical dashed lines (bottom). All objects shown have data quality flag (DQ) values of “1” and
redshift quality flag (Qz) values of “3” (see §3.6).
Figure 6. Comparison between photometric and grism redshifts in IRC-A(left) and IRC-B (right). Top: grism vs. photometric
redshift for objects with recorded grism data. Bottom: ∆z/(1 + z) as a function of grism redshift with ±2σNMAD indicated by
the dashed lines. All objects shown have F160W ≤ 23, data quality flag values DQ = 1, and redshift quality flag values Qz = 2
or 3. Points are sized according to their Qzvalue, with Qz = 2 represented by smaller points and Qz = 3 represented by larger
points. Filled circles indicate galaxies with grism redshifts within each candidate clusters’ projected redshift range (see §3.6) or
photometric redshifts within 1.5 ≤ zphot ≤ 2.5 (see §4.1.3 and Table 5). Galaxies detected in the WFC3 imaging with grism
redshifts outside the projected range are indicated by crosses. Galaxies identified as merger candidates via selection method III
(see §4.1.3 and Table 5) are represented by open circles. The gray points represent our combined COSMOS and CDFS field
population.
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in Table 7 in the Appendix. Uncertainties are calcu-
lated assuming binomial statistics for 68% confidence
intervals, following Cameron (2011).
4.1.1. Selection Method I
The first selection method selects galaxy pairs with
photometric redshifts between 1.5 ≤ zphot ≤ 2.5; this
corresponds to the broadest redshift range for candidate
cluster members. This method allows for comparison
of our measured pair fraction to previous studies who
rely only on photometric redshifts (Lopez-Sanjuan et al.
2009).
Of the 499 objects in our IRC-A catalog, 27 were se-
lected based on their photometric redshift to be cluster
members. Within this sub-sample we identified 4 cluster
merger candidates, giving a pair fraction of 15+9.4−4.4% . In
IRC-B, 29 cluster galaxies were selected based on their
photometric redshift from the parent sample consisting
of 661 objects. From the sub-sample of 29 galaxies, 6
were selected as cluster merger candidates, giving a pair
fraction of 21+9.3−5.5% .
4.1.2. Selection Method II
Selection method II selects galaxy pairs with grism
redshifts within the candidate clusters’ redshift range
(1.55 ≤ zgrism ≤ 1.9 in IRC-A and 1.8 ≤ zgrism ≤ 2.2 in
IRC-B) or photometric redshifts within 2σNMAD of the
candidate clusters’ redshifts (see §3.6): 1.21 ≤ zphot ≤
2.24 for IRC-A and 1.57 ≤ zphot ≤ 2.43 for IRC-B. This
method was chosen to mimic the selection techniques in
Delahaye et al. (2017).
In IRC-A, 34 cluster galaxies were selected using
method II from the parent population of 499 catalog ob-
jects. Within this sub-sample, 4 galaxies were identified
as cluster merger candidates, giving a pair fraction of
12+7.8−3.5% . In IRC-B, 6 cluster merger candidates were
selected from a sub-sample of 32 cluster galaxies (se-
lected using method II), resulting in a pair fraction of
19+8.7−5.1% .
4.1.3. Selection Method III
Selection method III selects galaxy pairs with grism
redshifts within the candidate cluster’s range (1.55 ≤
zgrism ≤ 1.9 in IRC-A and 1.8 ≤ zgrism ≤ 2.2 in IRC-
B) or photometric redshifts within 1.5 ≤ zphot ≤ 2.5.
Galaxies that are selected based on their grism redshifts
must also have a data quality flag DQ= 1 and redshift
quality flag Qz≥ 2. This ensures that we are using the
most reliable grism measurements while also excluding
objects that have been flagged as stars (Qz = -1).
In IRC-A, 27 cluster galaxies were selected using
method III. Within this sub-sample, we identified 4 clus-
ter merger candidates, giving a pair fraction of 14+9.1−4.3 .
Selection method III resulted in a sub-sample of 33 clus-
ter galaxies in IRC-B. Within this sub-sample we iden-
tified 8 cluster merger candidates, giving a pair fraction
of 24+8.9−5.8 . The cluster merger candidates identified us-
ing method III are highlighted in the composite mosaics
of IRC-A and IRC-B in Figure 2. Thumbnails of the
cluster merger candidates identified via method III are
shown in Figures 11 and 12
We choose to focus on selection method III for the
remainder of our analysis because it combines the pho-
tometric redshifts with our grism data. Tables 8 and 9
list the photometry and grism redshift information for
the sub-sample of cluster galaxies selected via method
III for our candidate clusters IRC-A and IRC-B. We
also include the grism imaging for the cluster galaxies,
selected by method III, in the Appendix in Figures B1
and B2. Note that some of the candidate cluster mem-
bers are selected based on their photometric redshifts
and therefore may not have available grism data. The
grism images presented in the Appendix encompass all
objects, with recorded grism measurements, that are se-
lected via method III without the added constraint on
the DQand Qzflags for the grism redshifts. This is to
show why we chose to include the constraint on DQand
Qzbecause, for IRC-A in particular, there are some in-
stances where objects that had been selected as can-
didate cluster members based on their grism redshifts
were previously flagged as stars (Qz= -1) and therefore
should not be included in the calculation of the pair
fraction.
4.1.4. Field Merger Fraction
For comparison to the field, we select merger candi-
dates in COSMOS and CDFS using method I (selec-
tion based only on photometric redshift) and a modified
version of III (selection based on photometric or grism
redshift) where the grism redshift range was chosen to
be 1.55 ≤ zgrism ≤ 2.2, to cover the range of each of
the candidate clusters. Note that the COSMOS field
identifies a number of substructures between 1 < z < 3
(Scoville et al. 2013) that may drive the high pair frac-
tion measured in both the corrected (see next section)
and uncorrected pair fractions shown in Table 7.
Selection method I results in a sub-sample of 800
galaxies in our combined COSMOS + CDFS field popu-
lation. Within this sub-sample, we identified 60 merger
candidates, giving a field pair fraction of 6.7+1.4−1.0%.
Method III results in a sub-sample of 888 galaxies, of
which 62 were identified as merger candidates, giving a
field pair fraction of 6.9+1.4−1.0%(see Table 6).
4.2. Correcting for Potential Contamination
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Table 5. Summary of selection processes used to calculate the galaxy-galaxy merger fractions in Table 7. See detailed
explanation in §4.1.
Selection IRC-A IRC-B Fielda
Process
I 1.5 ≤ zphot ≤ 2.5 1.5 ≤ zphot ≤ 2.5 1.5 ≤ zphot ≤ 2.5
II
1.55 ≤ zgrism ≤ 1.9 1.8 ≤ zgrism ≤ 2.2
...or or
1.211 ≤ zphot ≤ 2.239 1.571 ≤ zphot ≤ 2.429
III
1.55 ≤ zgrism ≤ 1.9 1.8 ≤ zgrism ≤ 2.2 1.55 ≤ zgrism ≤ 2.2
DQ = 1 and Qz ≥ 2 DQ = 1 and Qz ≥ 2
or or or
1.5 ≤ zphot ≤ 2.5 1.5 ≤ zphot ≤ 2.5 1.5 ≤ zphot ≤ 2.5
aCombined COSMOS and CDFS field population.
The pair fractions calculated in Table 7 are most likely
an overestimate of the true pair fraction due to false
projections. To correct for this, we calculate corrected
pair fractions by randomizing the positions of selected
galaxies, measuring the resulting pair fraction, and sub-
tracting this from the original, uncorrected, fraction.
Candidate cluster galaxies are selected for grism red-
shifts within each cluster’s redshift range and F160W
magnitudes ≤ 23.0 (see selection process (III) in §4.1.3
and Table 5). Field galaxies are selected in a similar
manner, with the grism redshift range defined to en-
compass the full range of both candidate clusters (see
Table 5).
For both candidate cluster and field galaxies, we ran-
domize the RA and DEC positions of each selected
galaxy and measured the pair fraction of companions
found within 3′′ separation. This process is repeated
1000 times. We measure the average fraction of false
pairs in IRC-A and IRC-B to be 3.8+7.1−1.4% and 6.6
+6.5
−2.5%,
respectively. For our COSMOS and CDFS field galaxies,
we measure the average fraction of false pairs, for both
fields combined, to be 2.0+0.6−0.4%. Uncertainties are cal-
culated assuming binomial statistics for 68% confidence
intervals.
Corrected pair fractions for both candidate clusters,
the COSMOS and CDFS field galaxies, and the com-
bined field population are shown in Table 6.
5. DISCUSSION
5.1. A Higher Galaxy Merger Fraction in Clusters
Figure 7 presents the corrected pair fractions (see §4.2)
for both candidate clusters and the field average of our
COSMOS and CDFS populations. An earlier version of
Figure 7 was presented in Lotz et al. (2011) and shows
Figure 7. Merger fractions as a function of redshift for ob-
jects selected by stellar mass (M∗ ≥ 1010M), for separation
distances of ≤ 3”. The points for IRC-A, IRC-B and the field
average represent the corrected pair fractions listed in Table
6 for selection process (III) (see §4.1.3 and Table 5). Unfilled
markers represent the field pair fractions measurements from
the studies referenced in §5.5 as well as the combined field
measurement presented in this work. Filled markers repre-
sent the cluster pair fraction measurements from Delahaye
et al. (2017) and this work. The dashed horizontal line for
the field average represents the redshift range the field pair
fraction spans. Note that for our candidate cluster and field
populations the same selection method was used in each, al-
lowing for more accurate comparison.
the merger or pair fractions from 5 previous field studies.
These are discussed in more detail in the next section.
Compared to the pair statistics and morphological
studies shown in Fig. 7, in particular Bundy et al. (2009)
and de Ravel et al. (2009) who use methods very similar
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Table 6. Corrected galaxy-galaxy merger fractions (see 4.2) for IRC-A, IRC-B, COSMOS, and CDFS for different selection
processes (see Table 5) for F160W ≤ 23.0. Uncertainties are calculated assuming binomial statistics for 68% confidence intervals.
Selection
fmerg,contam
b fmerg,cor
c
Processa
IRC-A III 3.8+7.1−1.4% 11
+8.2
−3.2%
IRC-B III 6.6+6.5−2.5% 18
+7.8
−4.5%
COSMOSd III 2.9+1.0−0.6% 7.2
+1.3
−1.0%
CDFS III 1.3+0.6−0.5% 2.4
+0.9
−0.6%
Field Populatione III 2.0+0.6−0.4% 5.0
+1.1
−0.8%
aSee Table 5
bFalse pair contamination rate. See §4.2
cCorrected pair fraction
dMasked to exclude confirmed members of z = 1.62 cluster (Yuan et al. 2014).
eCombined COSMOS and CDFS populations
to those presented here, we see a higher pair fraction
within the two candidate clusters than what is mea-
sured in the field populations. We also find that the
merger fraction within the candidate clusters is consis-
tently higher than that of the field population.
Correcting for the false pair contamination we calcu-
late the corrected pair fractions (shown in Table 6) of
IRC-A and IRC-B to be 11+8.2−3.2and 18
+7.8
−4.5, respectively.
The corrected pair fraction for our combined field popu-
lation is 5.0+1.1−0.8%. With the corrected pair fractions, we
still see a higher fraction in the candidate clusters than
the field population.
5.2. Observed and Rest-Frame Colors
Using the WFC3 imaging, we show the observed
F125W and F160W color magnitude diagrams for IRC-
A and IRC-B in Fig. 8. The objects in each cluster
field are separated into candidate cluster members and
mergers. We include the COSMOS field sample, over all
redshift, for comparison. COSMOS and photometry is
taken from the zFOURGE photometric catalogs (Straat-
man et al. 2016). Candidate cluster members tend have
redder (F125W-F160W) colors compared to the general
field population.
To assess the rest-frame colors we also generate UVJ
diagrams, shown in Figure 9. When considering can-
didate cluster member, we find that ∼ 82% in IRC-A
and ∼ 52% in IRC-B are quiescent. We also see that
of the candidate cluster members identified as mergers,
100% in IRC-A are quiescent while only 50% in IRC-B
are quiescent.
Simulations indicate that galaxy-galaxy merging en-
hances star formation (Toomre & Toomre 1972; Di Mat-
teo et al. 2007; Mihos & Hernquist 1996). Coogan et al.
(2018) and Hine et al. (2016) see enhancement of star
formation due to merging in high-redshift cluster en-
vironments (z = 1.99 and z = 1.3, respectively), in
good agreement with predictions. However, Lotz et al.
(2013) sees a dominance of quiescent galaxy merger can-
didates in a z = 1.62 proto-cluster in comparison to the
field population. Our findings in IRC-A, where we find
that 100% of the candidate cluster members identified
as mergers are quiescent is in good agreement with the
findings of Lotz et al. (2013).
We find that in IRC-A, the merger candidates are
redder than the field population and show no evidence
of on-going star formation,in good agreement with the
findings in Lotz et al. (2013). However in IRC-B only
about half of the merger candidates are quiescent. Our
findings imply that, depending on the dynamical state
of the system, a cluster can be dominated by red merg-
ers. However, given our limited sample, more clusters
are needed.
5.3. Spatial Distribution of Merger Candidates
If galaxies in over-dense environments quench their
star formation earlier than their field counterparts,
galaxy-galaxy mergers in cluster cores may be redder
than in the field (van Dokkum et al. 1999; Tran et al.
2005). Whether this is true at z > 1, when galaxy
clusters are even rarer and dynamically younger, is un-
known.
Figure 10 shows the spatial distributions of the can-
didate cluster members and those identified as mergers
for both IRC-A and IRC-B, with the cluster’s center
indicated by a 30′′ radius circle. We hypothesize that
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Figure 8. Color Magnitude Diagram of IRC-A (left) and IRC-B (right). The filled circles represent candidate cluster members
selected using method III, i.e. selection based on grism or photometric redshift (see §4.1.3). Open circles indicate candidate
merger candidates, identified via method III. Field galaxies from our master catalogs are indicated by crosses. The gray spatial
histogram represents our combined COSMOS and CDFS field population. All galaxies shown have F160W≤ 23.
Figure 9. Rest-frame U − V vs. V − J colors. Objects located within the black boxed region are generally considered to
be quiescent while those located outside the boxed region are generally star-forming. Refer to the caption in Figure 8 for
explanation of symbols.
IRC-A at z ∼ 1.6 is a more evolved cluster, with candi-
date members identified as mergers (see Table 8) located
within the cluster’s core. In comparison, IRC-B is a less
evolved cluster (z ∼ 2) where all of its merger candidates
are located beyond a projected cluster radius of 30′′. In
IRC-B, the merger candidates are most likely embed-
ded in subclumps that will merge with the cluster’s core
(van Dokkum et al. 1999). We thus infer from our study
that quenching of star formation in the cluster members
occurs before galaxy-galaxy merging. However, more
clusters are needed at this epoch to further strengthen
our results.
5.4. Are these robust galaxy clusters?
5.4.1. Analogs to Spectroscopically Confirmed Galaxy
Clusters at z ∼ 2
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Figure 10. Spatial distribution of galaxies in the candidate clusters IRC-A and IRC-B. Filled circles indicate candidate cluster
members. Objects identified as merger candidates are represented by open circles. Grey points represent field galaxies detected
in each WFC3 field of view. The black circle is centered on the candidate cluster’s coordinates, with a radius of 30′′. Refer to
the caption in Figure 8 for explanation of symbols.
IRC-A was identified using the same method from Pa-
povich et al. (2010) where a cluster at z = 1.62 was
first identified in the UDS field with the 1.6µm bump
technique (see §2.1). For the UDS cluster, follow-up
ground-based spectroscopy confirmed the galaxy clus-
ter’s redshift (Tran et al. 2015). Likewise, IRC-A was
first identified using the SWIRE observations that iden-
tified a galaxy overdensity at > 10σ relative to the field.
Follow-up medium-band imaging from NEWFIRM to
track spectral features such as the D4000 break confirm
a cluster redshift of z ∼ 1.6 which is consistent with our
grism results.
IRC-B also was initially identified using the 1.6µm
technique as an overdensity with a surface density > 10σ
above the field. From our NEWFIRM imaging, we de-
termine a photometric redshift of z ∼ 2. We note that
our approach mirrors that of (Spitler et al. 2012) who
identified a galaxy cluster at z ∼ 2 in the the COS-
MOS field from similar near-infrared imaging taken with
the Four-Star camera on Magellan. The COSMOS clus-
ter redshift was then confirmed with spectroscopy from
Keck/MOSFIRE to be zspec = 2.1 Yuan et al. (2014).
5.4.2. Testing for Random Projections
To test if the galaxies we associate with our clus-
ter candidates are chance projections, we use the
ZFOURGE catalogs of field galaxies in CDFS and COS-
MOS (see §3.4). We randomly place apertures the size
of our WFC3 footprint and select galaxies that satisfy
our selection method III (see §4.1 and Table 5). Using
100,000 realizations, we find that on average, only ∼ 2%
of the field galaxies satisfy our selection criteria with
method III. In comparison, the fraction of galaxies se-
lected using method III in both the IRC-A and IRC-B
WFC3 catalogs is ∼ 5%. Thus we are confident that
both cluster candidates are true overdensities at z ∼ 2.
We refer the reader to Appendix §A and Table 10 for
further details of our randomization test.
5.4.3. Predictions from IllustrisTNG
Cosmological simulations are extremely useful in pre-
dicting the number density of an object with respect
to the survey volume and redshift coverage. We use
∼ (300 Mpc)3 volume simulations from IllustrisTNG
(TNG300; Pillepich et al. 2017; Nelson et al. 2017) to
estimate the number of galaxy clusters in the XMM-LSS
field-of-view (FOV) between 1.3 < z < 2.0. The number
density of galaxy clusters with halo masses greater than
1013.5 M at redshift z = 1.3 in TNG300 is 4510 Gpc−3.
The comoving volume of our XMM-LSS observations is
0.08 Gpc3, which corresponds to about 360 galaxy clus-
ters within the FOV assuming the same number density
of galaxy clusters in the universe as TNG300. Thus we
are confident that the existence and discovery of two
galaxy clusters, IRC-A and IRC-B, in the XMM-LSS
observations is highly probable.
5.5. Comparison to Previous Studies
The ability to compare the measurements we report
here to previous studies is complicated by the fact
that different studies use different methods of selecting
merger candidates. Here we discuss the similarities and
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differences in merger selection criteria between the stud-
ies presented in Fig. 7 and our work.
The studies referenced in Fig. 7 all use a stellar mass
cut at logM∗ > 10M. Although we apply no mass con-
straint, all of the merger candidates used in the calcula-
tion of our pair fractions have masses logM∗ > 10M.
Note that the pair fractions presented in Fig. 7 for Lotz
et al. (2008) (Lotz08),Conselice et al. (2009) (Con09),
Lopez-Sanjuan et al. (2009) (LS09), Bundy et al. (2009)
(Bundy09), de Ravel et al. (2009) (dR09) and Delahaye
et al. (2017) (Del17) as well as the point for our com-
bined COSMOS and CDFS field population all represent
measurements in field environments. These are indi-
cated by unfilled markers. The measurements presented
in Fig. 7 for Del17 and our candidate clusters, IRC-
A and IRC-B, represent pair fractions in cluster envi-
ronments. Cluster measurements are indicated by filled
markers.
We refer the reader to Lotz et al. (2011) for a more
in-depth explanation of each study referenced in Fig.7.
Here we provide brief descriptions of each of these stud-
ies.
5.5.1. Field Merger Candidates Identified via Morphology
• Lotz08 selects merger candidates via G−M20 be-
tween redshift 0.2 < z < 1.2 in AEGIS (Davis
et al. 2006) by defining a parent sample selected
based on luminosity (with the assumption of pure
luminosity evolution). Their merger candidates
consist of close pairs and morphologically dis-
turbed galaxies selected using either spectroscopic
or photometric redshifts (about 60% of the parent
sample has spectroscopic redshifts while the remi-
naing 40% have photometric redshifts). They find
that the merger fraction remains roughly constant
for this redshift range.
• Con09 measured merger fractions by selecting
merger candidates based on the calculated assym-
metry from COSMOS, GEMS (Rix et al. 2004),
GOODS (Giavalisco et al. 2004), and AEGIS for
0.2 < z < 1.2. Redshift selection is done using
photometric or spectroscopic, but it is unclear
what percentage of their sample is based on spec-
troscopic vs photometric selection.
• LS09 measured the merger fraction in SPITZER/IRAC
selected objects of GOODS-S using morphological
asymmetry and distortions for z ≤ 1.3. Merger
candidates are selected from either luminosity or
stellar mass selected samples and use only photo-
metric redshifts.
• Del17 measured the merger fraction in 4 clusters
(1.59 < z < 1.71) as well as the UDS field. Merger
candidates were selected using both spectroscopic
and photometric (when no spectroscopic measure-
ments available) redshifts as well as stellar mass
and magnitude limits. UDS merger candidates
were selected in the range 1.55 < z < 1.75. Candi-
dates were identified via either close pair statistics
or visual disturbance.
5.5.2. Field Merger Candidates Identified via Projected
Separation
Bundy09 and dR09 both provide mass selected pair
fractions with 4:1 mass ratios and projected separations
of 5 kpc h−1 < Rproj < 20 kpc h−1 and Rproj <
100 kpc h−1, respectively. Note that our selection cri-
teria of a separation less than 3” corresponds to a pro-
jected separation of Rproj < 25 kpc h
−1.
• dr09 measured the close pair fraction of galax-
ies in the VMOS VLT Deep Survey (Le Fe`vre
et al. 2005) to z ∼ 1. Merger candidates are se-
lected based on spectroscopic redshift from either
luminosity or stellar mass selected samples. The
merger fractions of∼ 12−25% are among the high-
est of all the comparison studies. However, they
use Rproj < 100 kpc h
−1 compared to our criterion
of Rproj < 25 kpc h
−1.
• Bundy09 measured the close pair fraction of galax-
ies in GOODS. Merger candidates are selected
using either spectroscopic or photometric (when
no spectroscopic measurement available) redshift
from Ks-selected catalogs. The merger fraction of
. 5% is consistent with our field measurement.
5.6. Our Study in Context
Our study is set apart by the combination of the area
covered, the quality of the photometric redshifts, and
the high resolution HST imaging. In particular, the in-
clusion of the ZFOURGE catalogs provides a more sta-
tistically robust measurement of the field merger frac-
tion relative to other studies at z ∼ 2.
We measure the field merger fraction at z ∼ 2 to be
roughly half what Lotz et al. (2008) reports. However,
this is likely due to the different selection methods for
identify merger candidates: our study relies solely on
close pair identification while Lotz et al. (2008) uses
morphologically disturbed galaxies and includes systems
fainter than our magnitude limit of F160W ≤ 23.0.
Del17 uses merger candidate selection methods that
are most similar to our selection method (III) (see §4.1
and Table 5): they also select merger candidates based
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on magnitude and both photometric and spectroscopic
redshifts. Our measurement for the pair fraction in IRC-
A (z ∼ 1.6) is consistent with the total cluster pair frac-
tion presented in Del17. In contrast, our measurement
of the pair fraction in the field population is roughly five
times lower than Del17.
We note that all of our selection methods to identify
mergers for both the candidate galaxy clusters and the
combined field population yield similar results. Thus we
are confident that the relative fraction of mergers in the
clusters is higher than that of the field at z ∼ 2.
6. SUMMARY
We measure the galaxy merger fractions in two cluster
candidates initially identified as overdensities using the
1.6µm bump technique (§2.1). Follow up with near-IR
medium-band imaging from NEWFIRM provides more
precise photometric redshifts (dz ∼ 0.05) that indicates
these two galaxy cluster candidates to be z ∼ 1.6 and
z ∼ 2. Additional Gemini/MOS observations and the
grism observations presented in this study are consistent
with both cluster candidates being at z ∼ 2.
Using a combination of high-resolution HST imaging
with grism spectroscopy, we identify galaxy merger can-
didates in IRC-A at 1.55 ≤ zgrism ≤ 1.9 and in IRC-B
at 1.8 ≤ zgrism ≤ 2.2. By implementing a magnitude
cut at F160W ≤ 23.0, a pair separation of ≤ 3”, and
various photometric and/or grism redshift ranges, we
measure the fraction of galaxy-galaxy mergers in both
candidate clusters. We compare our results to a control
fraction measured in the COSMOS and CDFS fields se-
lected using the same methods. The different selection
methods applied to both the candidate clusters and field
populations yield similar results for the measured pair
fractions.
To determine whether our merger fractions were af-
fected by chance projections, we performed a random-
ization test on both the candidate cluster and field pop-
ulations. This consists of randomizing the RA and DEC
positions of each galaxy selected using method (III) (see
§4.1 and Table 5) and measuring the fraction of pairs
found to be within 3′′ separation. This process is re-
peated 1000 times and the average pair fraction from all
iterations is subtracted from the original pair fraction
(listed in Table 7). Correcting for false projections, we
find corrected merger fractions of 11+8.2−3.2in IRC-A and
18+7.8−4.5in IRC-B. For our COSMOS and CDFS popula-
tions we measure a corrected merger fraction of 7.2+1.3−1.0%
and 2.4+0.9−0.6%, respectively, giving us an average cor-
rected merger fraction for the combined field population
of 5.0+1.1−0.8%. Overall, we find that the galaxy-galaxy
merger fraction in the candidate clusters is enhanced
compared to the field population, even when correct-
ing for chance projections. Our results of an increase
in the galaxy pair fraction with increasing redshift is
consistent with overall field studies (Lotz et al. 2008;
Conselice et al. 2009; Lopez-Sanjuan et al. 2009; Bundy
et al. 2009; de Ravel et al. 2009).
Although some studies (Delahaye et al. 2017) report
little to no increase in the pair fraction in clusters with
respect to the field, we note that our merger fractions
in the clusters (∼ 11 − 13%) are comparable to their
measurements. We hypothesize that the discrepancy is
due to differences in measurements of the field merger
fraction at z ∼ 2. Our combination of precision pho-
tometric redshifts from ZFOURGE over a larger cosmic
volume relative to existing studies finds a field merger
fraction of ∼ 5% at this epoch. Our results are in good
agreement with studies that report higher pair fractions
in cluster environments in comparison to the field pop-
ulation (Lotz et al. 2013; Coogan et al. 2018; Hine et al.
2016).
We find no conclusive evidence of enhanced star for-
mation in merging galaxies within the candidate clus-
ters with respect to the field. However, our findings
imply that the dominance of quiescent mergers could
be attributed to the dynamical state of the cluster. In
IRC-A, at z ∼ 1.6, all candidate cluster members iden-
tified as mergers are quiescent (as identified using the
UVJ diagram in Figure 9) and, from the spatial distri-
butions in Figure 10, are located within the cluster’s
core. We therefore hypothesize that IRC-A is likely a
more evolved cluster. IRC-B, at z ∼ 2, is a less evolved
cluster, with only ∼ 52% of candidate cluster members
identified as mergers being quiescent, and all located
outside the core. The differences in the spatial distribu-
tions and star forming populations of IRC-A and IRC-B
supports the picture where evolution in clusters begins
to separate at z ∼ 2, postulated by other studies (Brod-
win et al. 2013; Tran et al. 2015; Kawinwanichakij et al.
2017; Papovich et al. 2018).
The differences in the various methods of identifying
merger candidates throughout previous studies (Lopez-
Sanjuan et al. 2009; Man et al. 2012, 2016; Conselice
et al. 2009; Williams et al. 2011; Tran et al. 2008;
de Ravel et al. 2009; Lotz et al. 2008, 2013; Bundy et al.
2009; Delahaye et al. 2017) presents a difficult challenge
for direct comparison of merger fractions. The advan-
tage to our study is our use of similar selection processes
for both candidate clusters and the COSMOS field pop-
ulation, therefore our relative comparison of the can-
didate clusters’ pair fractions with respect to the field
is robust. However, given our limited statistics, more
observations are need.
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Table 7. Galaxy-galaxy merger fractions for IRC-A, IRC-B, COSMOS, and CDFS for different selection processes (see Table
5) for F160W ≤ 23.0. Uncertainties are calculated assuming binomial statistics for 68% confidence intervals.
Selection
Ntot Nmerg,3” fmerg,3”
Process a
IRC-A
I 27 4 15+9.4−4.4%
II 34 4 12+7.8−3.5%
III 28 4 14+9.1−4.3%
IRC-B
I 29 6 21+9.3−5.5%
II 32 6 19+8.7−5.1%
III 33 8 24+8.9−5.8%
COSMOSb
I 453 46 10+1.6−1.3%
III 455 46 10+1.6−1.2%
CDFS
I 427 14 3.3+1.1−0.7%
III 433 16 3.7+1.1−0.7%
Field Populationc
I 800 60 6.7+1.4−1.0%
III 888 62 6.9+1.4−1.0%
aSee Table 5
bMasked to exclude confirmed members of z = 1.62 cluster (Yuan et al. 2014).
cCombined COSMOS and CDFS populations
Figure 11. Thumbnails of the mergers candidates in IRC-A selected using Selection Method III (§4.1.3 and used in the
calculation of the merger fractions shown in Table 7. Thumbnails were created by stacking each of the F160W, F125W, and
F105W filters to create an RGB image with a 0.03′′/pix scale, resulting in a 5′′×5′′snapshot of the merger candidates. Left:
Object IDs 235 & 241, located 5′′from the cluster center. Right: Object IDs 327 & 329, located 27′′from the cluster center.
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Figure 12. Thumbnails of the mergers candidates in IRC-B. Thumbnails were created by stacking each of the F160W, F125W,
and F105W filters to create an RGB image with a 0.03′′/pix scale, resulting in a 5′′×5′′snapshot of the merger candidates. Top
Left: Object IDs 105 & 116, located 69′′from the cluster center. Top Right: Object IDs 646 & 655, located 57′′from the cluster
center. Bottom Left: Object IDs 126 & 146, located 57′′from the cluster center. Bottom Right: Object IDs 300 & 318, located
55” from the cluster center.
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Table 8. Photometry measurements and coordinate information for galaxies in IRC-A that satisfy selection method III (see §4.1.3): grism
redshifts within the cluster’s redshift range (1.5 ≤ zgrism ≤ 1.9) with DQ = 1 and Qz ≥ 2 or photometric redshifts between 1.5 ≤ zphot ≤ 2.5,
and F160W magnitdue ≤ 23.0.
ID HST RAc HST DECc zgrism zphot Stellar Mass F160W
d F125Wd Ue Ve Je DQf Qz
f Merger Flagg
31 2:22:02.479 -4:13:12.80 0.750 1.692 10.42 22.31 22.82 24.00 22.40 21.90 0 0 0
57 2:22:04.202 -4:13:01.10 2.157 1.617 10.37 22.59 23.10 24.18 22.73 22.01 0 0 0
70 2:22:01.859 -4:12:58.11 1.382 1.818 10.60 21.93 22.34 23.26 21.92 21.39 0 0 0
87 2:22:06.201 -4:12:42.09 ... 1.670 10.02 22.51 22.73 23.44 22.55 20.87 ... ... 1
91 2:22:05.698 -4:12:53.24 1.112 2.217 10.56 22.38 23.20 23.58 22.12 21.66 1 2 0
116 2:21:59.422 -4:12:44.55 1.580 1.573 10.35 22.27 22.78 24.29 22.52 21.88 0 0 0
120 2:22:06.140 -4:12:40.55 1.224 2.139 10.98 21.09 21.63 21.95 20.95 20.15 1 3 0
131 2:21:58.872 -4:12:41.23 ... 1.711 10.62 22.07 22.60 23.93 22.15 21.50 ... ... 0
142 2:22:00.043 -4:12:35.10 0.619 1.625 11.13 21.19 21.78 23.26 21.37 20.39 0 0 0
208 2:22:03.054 -4:12:20.46 1.698 1.733 10.59 21.93 22.45 23.72 21.99 21.50 1 3 0
218 2:21:59.519 -4:12:17.69 1.456 1.531 10.56 22.19 22.59 23.85 22.43 21.21 1 3 0
235 2:22:03.296 -4:12:09.42 1.431 1.655 11.34 20.80 21.44 22.93 20.96 19.97 1 3 1
241 2:22:03.229 -4:12:09.52 1.430 1.831 11.04 21.56 22.27 23.46 21.52 20.73 1 3 1
252 2:22:03.707 -4:12:10.01 1.372 1.631 10.29 22.56 23.03 24.33 22.69 22.20 1 2 0
261 2:22:03.470 -4:12:07.20 1.272 1.692 10.49 22.92 23.51 24.82 23.02 22.04 1 2 0
286 2:21:58.780 -4:12:02.86 1.122 1.652 10.76 21.87 22.45 23.54 21.99 21.09 0 0 0
321 2:22:03.655 -4:11:55.41 1.174 1.647 10.62 21.60 22.04 23.31 21.71 21.36 1 3 0
327 2:22:05.065 -4:11:51.33 1.681 1.677 10.73 21.53 22.11 23.48 21.65 21.19 1 3 1
329 2:22:05.037 -4:11:53.27 1.626 1.782 10.96 21.90 22.58 23.91 21.93 20.99 1 3 1
398 2:22:00.540 -4:11:34.16 1.331 1.939 10.96 21.63 22.04 23.15 21.51 20.79 1 3 0
399 2:22:06.250 -4:11:35.06 1.682 1.640 10.60 21.73 22.16 23.47 21.84 21.24 1 3 0
400 2:22:06.111 -4:11:32.74 1.685 1.706 10.73 21.50 21.95 23.19 21.56 21.10 1 3 0
411 2:22:06.781 -4:11:31.12 1.569 1.808 10.61 22.57 23.20 24.25 22.56 21.59 1 2 0
415 2:22:04.617 -4:11:28.38 1.201 1.676 10.62 21.66 22.02 22.93 21.74 21.23 1 2 0
418 2:22:07.309 -4:11:30.44 1.518 1.532 10.09 22.89 23.38 25.02 23.15 22.48 1 2 0
436 2:22:00.868 -4:11:24.38 0.263 1.544 10.15 22.44 22.95 24.31 22.71 22.36 0 0 0
437 2:22:07.079 -4:11:25.53 1.792 2.153 10.66 21.98 22.38 22.71 21.85 21.14 1 3 0
492 2:22:01.791 -4:11:05.35 1.755 0.864 10.56 21.66 22.00 24.79 22.44 20.97 1 3 0
cHST coordinate information were obtained from the space-based Hubble data.
dAB Magnitude
eRest Frame Magnitude
fDQand Qzvalues refer to flags assigned to note quality of data and reliability of grism redshift measurement (see §3.6).
gA merger flag value of “1” denotes galaxies identified as merger candidates used in the calculation of the pair fractions listed in Table 7.
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Table 9. Photometry measurements and coordinate information for galaxies in IRC-B that satisfy selection method III (see §4.1.3): grism
redshifts within the cluster’s redshift range (1.8 ≤ zgrism ≤ 2.2) with DQ = 1 and Qz ≥ 2 or photometric redshifts between 1.5 ≤ zphot ≤ 2.5,
and F160W magnitdue ≤ 23.0.
ID HST RAc HST DECc zgrism zphot Stellar Mass F160W
d F125Wd Ue Ve Je DQf Qz
f Merger Flagg
13 2:22:18.041 -4:22:52.66 1.077 2.074 10.63 22.04 22.62 23.08 21.89 21.30 0 0 0
49 2:22:18.900 -4:22:46.28 2.064 0.356 7.95 22.55 23.15 24.74 24.40 22.43 1 3 0
80 2:22:19.818 -4:22:41.23 2.860 1.529 10.71 21.96 22.62 23.70 22.42 21.01 1 0 0
81 2:22:17.041 -4:22:37.95 ... 1.966 10.14 22.30 22.53 23.04 22.30 21.98 ... ... 0
91 2:22:17.467 -4:22:38.33 0.140 1.748 10.56 22.60 23.03 24.01 22.62 21.78 0 0 1
105 2:22:20.283 -4:22:35.99 ... 1.791 10.01 22.66 22.86 23.57 22.65 22.44 ... ... 1
116 2:22:20.343 -4:22:37.73 1.935 1.131 10.16 22.83 23.21 24.63 23.45 22.05 1 3 1
126 2:22:19.439 -4:22:34.08 2.058 1.957 10.67 22.77 23.51 24.47 22.63 21.67 1 3 1
146 2:22:19.454 -4:22:31.20 2.410 1.776 10.32 22.77 23.57 24.80 22.79 22.27 1 2 1
203 2:22:18.325 -4:22:16.68 2.054 2.140 11.23 21.23 22.00 22.55 21.00 20.25 1 3 0
204 2:22:19.468 -4:22:20.17 2.018 1.767 10.49 22.40 22.94 24.03 22.44 21.81 1 3 0
237 2:22:18.161 -4:22:11.78 1.970 1.747 10.63 22.60 23.14 24.42 22.63 21.72 1 3 0
265 2:22:17.011 -4:22:04.71 1.607 1.692 10.59 22.02 22.49 23.75 22.09 21.55 1 2 0
278 2:22:13.133 -4:22:00.51 ... 1.976 10.73 21.80 22.53 22.92 21.67 21.25 ... ... 0
283 2:22:17.087 -4:22:01.44 1.962 1.855 10.74 22.09 22.72 23.92 22.04 21.37 1 1 0
300 2:22:13.609 -4:21:53.76 2.734 2.144 11.08 20.71 21.17 21.42 20.59 20.01 1 1 1
315 2:22:13.161 -4:21:54.02 1.936 1.970 10.80 21.23 21.52 22.13 21.17 20.84 1 2 0
316 2:22:19.446 -4:21:55.36 2.329 1.817 10.52 22.81 23.44 24.46 22.80 21.83 1 3 0
318 2:22:13.762 -4:21:53.83 2.721 1.510 10.54 22.33 22.84 24.07 22.67 21.37 1 1 1
341 2:22:18.928 -4:21:49.09 1.912 1.713 10.51 21.84 22.25 23.55 21.89 21.46 1 2 0
342 2:22:14.217 -4:21:46.82 2.007 1.381 10.83 20.96 21.45 22.62 21.38 20.31 1 3 0
356 2:22:20.022 -4:21:46.33 1.963 0.412 8.31 22.43 22.82 25.11 24.01 22.21 1 2 0
374 2:22:20.333 -4:21:42.94 2.061 2.117 11.04 21.13 21.62 22.09 21.00 20.45 1 2 0
381 2:22:14.302 -4:21:41.24 1.531 1.596 10.68 21.86 22.45 23.63 22.05 21.10 1 1 0
443 2:22:16.942 -4:21:29.38 1.509 1.522 10.56 21.13 21.58 22.43 21.43 20.42 1 3 0
466 2:22:15.509 -4:21:22.02 0.612 2.006 11.29 21.02 21.76 22.54 20.86 20.08 0 0 0
473 2:22:20.047 -4:21:24.66 2.564 2.393 10.97 21.95 23.07 23.20 21.41 20.97 1 3 0
478 2:22:13.529 -4:21:24.94 ... 1.557 10.58 21.85 21.71 23.60 21.94 21.15 ... ... 0
484 2:22:13.919 -4:21:22.06 ... 2.303 10.94 21.44 21.96 22.07 21.31 20.68 ... ... 0
614 2:22:16.035 -4:20:53.27 0.611 1.797 10.48 22.74 23.39 24.57 22.76 22.12 1 0 0
624 2:22:20.350 -4:20:49.89 ... 1.536 10.08 22.98 23.28 24.40 23.18 22.19 ... ... 0
646 2:22:17.787 -4:20:48.56 ... 1.819 10.99 22.26 23.00 24.27 22.25 21.01 ... ... 1
655 2:22:17.813 -4:20:49.14 2.002 1.797 11.00 21.75 22.36 23.54 21.77 20.85 0 0 1
cHST coordinate information were obtained from the space-based Hubble data.
dAB Magnitude
eRest Frame Magnitude
fDQand Qzvalues refer to flags assigned to note quality of data and reliability of grism redshift measurement (see §3.6).
gA merger flag value of “1” denotes galaxies identified as merger candidates used in the calculation of the pair fractions listed in Table 7.
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APPENDIX
A. PROBABILITY OF RANDOMLY FINDING ASSOCIATION OF GALAXIES IN IRC, COSMOS, AND CDFS
FIELDS OF VIEW
We performed a randomization test to check whether or not we would be able to find an association of galaxies that
satisfy the our selection method III (see §4.1 and Table 5) in order to see whether the group of galaxies we associate
with our candidate clusters is a chance occurrence.
We choose 10’×10’ areas in our COSMOS and CDFS zFOURGE (with scales of 0.15′′/pixel) fields to create a square
area with well defined edges. We then randomly define a 2.5’×2.5’ search area to simulate the footprint of our HST
fields of view. Within these 2.5’×2.5’ search areas we determine the number of galaxies that satisfy our selection
criteria for COSMOS and CDFS, i.e. F160W ≤ 23.0, 1.55 ≤ zgrism ≤ 2.2, and 1.5 ≤ zphot ≤ 2.5. (see §4.1 and Table
5). Table 10 shows the results of this randomization test for 100,000 iteration. Probability of finding an assosication
of galaxies in redshift space that satisfy our cluster selection method is ∼ 2% in the field.
For comparison, applying the same methods to our candidate cluster catalogs, we find the fraction of galaxies
satisfying this selection criteria is∼ 5%. This strengthens our case that IRC-A and IRC-B are robust cluster candidates.
Table 10. Probability of finding galaxies within search area the size of HST field of view (2.5x2.5’) within COSMOS and CDFS
zFOURGE fields (10x10’) that satisfy redshift and magnitude limits of selection method (III) (see §4.1 and Table 5).
Ntot
a Ncluster
b
IRC-A 499 28 5.6+1.2−0.9%
IRC-B 661 33 5.0+1.0−0.7%
COSMOSc 772 22 2.9+0.7−0.5%
CDFS 1035 17 1.7+0.5−0.3%
Field Populationd 1807 39 2.2+0.4−0.3%
aMean number of galaxies found within search area.
bMean number of galaxies found within search area that satisfy selection method (III)
cMasked to exclude confirmed members of z = 2.1 cluster.
dCombined COSMOS and CDFS populations
B. GRISM IMAGING AND SPECTROSCOPY FOR IRC-A AND IRC-B CANDIDATE CLUSTER MEMBERS
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Figure B1. Continued on next page.
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Figure B1. 2D and 1D grism spectra for IRC-A candidate cluster members selected using method III (see §4.1.3). The red
curve represents the best-fit of the 1D grism spectra. The orange line denotes the redshifted 4000A˚ line. Galaxies are ordered
according to the value of the redshift quality flag (Qz) value, with Qz= 3 indicating the most robust grism measurement and
Qz= 1 or 0 being the least reliable. Note that some objects shown here may not have been used in the calculation of the pair
fraction, but are included for completeness (see §4.1.3).
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Figure B2. Continued on next page.
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Figure B2. 2D and 1D grism spectra for IRC-B candidate cluster members selected using method III (see §4.1.3). The red
curve represents the best-fit of the 1D grism spectra. The orange line denotes the redshifted 4000A˚ line. Galaxies are ordered
according to the value of the redshift quality flag (Qz) value, with Qz= 3 indicating the most robust grism measurement and
Qz= 1 or 0 being the least reliable. Note that some objects shown here may not have been used in the calculation of the pair
fraction, but are included for completeness (see §4.1.3).
